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Alkali ion charge transport has been studied in a series of mixed glass former lithium borophosphate
glasses of composition 0.33Li2O + 0.67[xB2O3 + (1 – x)P2O5]. The entire concentration range, 0.0
≤ x ≤ 1.0, from pure glassy Li2P4O11 to pure glassy Li2B4O7 has been examined while keeping the
molar fraction of Li2O constant. Electrical conductivity measurements and nuclear magnetic reso-
nance techniques such as spin relaxometry, line shape analysis, and stimulated-echo spectroscopy
were used to examine the temperature and frequency dependence of the Li+ ion motion over wide
ranges of time scale and temperature. By accurately determining motional time scales and activa-
tion energies over the entire composition range the ion dynamics and the charge transport are found
to be fastest if the borate and the phosphate fractions are similar. The nonlinear variation of the
charge conduction, the most notable feature of the mixed glass former effect, is discussed in terms
of the composition dependence of network former units which determine the local glass structure.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4754664]
I. INTRODUCTION
Amorphous solids with their wide glass forming ranges
offer excellent opportunities for optimizing the physical prop-
erties of glass by continuously adjusting the chemical compo-
sitions, in both organic and inorganic materials. Well known
examples where specific material characteristics and prop-
erties can be tailored and combined include non-crystalline
polymer blends and polymer-plasticizer systems1 as well as
multi-component glassy pharmaceuticals.2 Amorphous solid
electrolytes constitute yet another active research area in
which component mixing can have profound, often nonlin-
ear, effects on ionic transport and many other properties.3 A
famous example is the mixed cation effect in which com-
bining melts containing two different alkali species results
in glasses with an ionic conductivity that is often several
orders of magnitude lower than either of the single-species
glasses with the same total ion concentration.4, 5 A gen-
erally accepted framework for the theoretical explanation
of this century-old mixed-alkali effect6, 7 has emerged only
recently.8
With a perspective on battery applications9 it is of course
more interesting to identify materials for which glass compo-
nent mixing leads to an enhancement rather than to a reduc-
tion of the ionic conductivity and other charge transport char-
acteristics. In this context, mixed matrix glasses of the type
yM2O + (1 – y)[xA + (1 – x)B], where A and B are glass for-
mers which feature only a single type of mobile alkali ion M,
are particularly interesting. Here, the relative content y of al-
kali oxide, i.e., of the network modifier, is kept fixed while the
composition x of the glass former species is varied, typically
between 0 and 1. The components A = B can be as diverse
as SiO2, GeO2, BO3/2 (B2O3), and PO5/2 (P2O5), etc., or their
sulfide analogs, such as SiS2, and GeS2, etc. Some glasses
of this type were studied some time ago.10, 11 Only recently,
more of them have come under scientific scrutiny to specif-
ically examine the role that mixed glass formers have upon
glass structure and properties.12–15
Remarkably, some systems, e.g., with M = Na,
A = B2O3, B = 2SiO2, exhibit a reduced conductivity at
intermediate compositions x, while others, e.g., M = Na,
A = B2O3, B = P2O5, exhibit an enhanced ion conductivity
upon mixing. The existence of a positive as well as of a nega-
tive mixed glass former effect (MGFE) and the availability of
numerous suitable network former components should allow
one to distinguish purely chemical phenomena from the phys-
ical principles governing the nonlinear compositional effects.
This opens the venue to a microscopic understanding of the
properties of this interesting class of materials.
In fact, encouraging conceptual steps in this direction
have been undertaken recently.16, 17 These studies have pur-
sued the goal of rationalizing the compositional dependence
of the activation energies hindering ion transport in terms of
the structural subunits present in these mixed network glasses.
Such an approach is facilitated considerably by knowledge re-
garding the speciation of the various subunits that could be
mapped out for a few ternary MGFE systems by virtue of nu-
clear magnetic resonance (NMR)18 spectroscopy as well as by
vibrational spectroscopy19 and other structural probes.20, 21
So far, charge transport in MGFE glasses has been ex-
plored mainly using impedance spectroscopy and tracer dif-
fusion techniques.22 It is the purpose of the current work to
obtain insight into the dynamics of 0.33Li2O + 0.67[xB2O3
+ (1 – x)P2O5] mixed network former glasses by combining
conductivity spectroscopy with various 7Li NMR techniques
0021-9606/2012/137(12)/124507/12/$30.00 © 2012 American Institute of Physics137, 124507-1
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to examine the mobile ion motions directly. In an effort to
investigate the Li+ ion conduction process over a wide dy-
namic range of about six decades in time, we have combined
spin-lattice relaxometry with line shape analyses as well as
stimulated-echo spectroscopy.
II. THEORETICAL ASPECTS
NMR studies often exploit the dominating precession fre-
quency ωQ that depends on the local environment of the ob-
served spins. The translational hopping motion of mobile ions
among various sites renders ωQ time and temperature depen-
dent and therefore the motional time scale of the mobile ions
becomes accessible. For the quadrupolar nucleus 7Li (I = 3/2)
the secular first-order quadrupolar Hamiltonian is given by
ˆHQ = 16ωQ[3
ˆIz ˆIz − I (I + 1)] (1a)
and
ωQ = 12δQ(3 cos
2 θQ − 1 − ηQ sin2 θQ cos 2φQ). (1b)
Here δQ = 12 e
2qQ
¯ designates the anisotropy parameter for nu-
clei with spin quantum number I = 3/2 and ηQ denotes the
asymmetry parameter. The angles θQ and φQ define the ori-
entation of the principal axis system of the electric field gra-
dient (EFG) tensor with respect to a laboratory frame wherein
the external static magnetic field is directed along the z-axis.
For an I = 3/2 nucleus, the line shapes corresponding to the
allowed non-central transitions, i.e., the ones for which
m = +3/2 ↔ m = +1/2 and m = −1/2 ↔ m = −3/2, with
m denoting the magnetic quantum number, can be calculated
from Eq. (1b). While typical powder patterns are expected for
polycrystalline samples which yield δQ and ηQ, the structural
disorder in glasses causes a broad range of EFGs and this
leads to the observation of more or less structureless spec-
tra. The central transition (m = +1/2 ↔ m = −1/2) remains
unaffected by the quadrupolar interactions in the limit of first-
order perturbation theory.
A. Solid echoes
Solid-echo NMR spectra of 7Li nuclei can be generated
with the two-pulse sequence X90◦ – tp – Y64◦ – ta and a Fourier
transformation of the time domain signal starting from the
echo maximum. Here, tp designates the evolution time which
also defines the expected position of the signal maximum in
the acquisition time ta. From a straightforward density ma-
trix calculation using the Hamiltonian in Eq. (1a), for I = 3/2,
one expects spectra reflecting the three transitions described
above: A central line with intensity IC whose width predomi-
nantly reflects the dipolar interaction strength and two broad
satellite lines with intensity IS whose shape is dominated by
quadrupolar effects. When the flip angle of the second pulse
in the sequence given above is chosen to be 64◦, the solid echo
approximately reproduces the theoretically expected intensity
ratio, IC/IS = 2/3, that can be generated from a free induction
decay.23 At higher temperatures where successful ionic jump
motions become more prevalent, the effect on the line shape
depends significantly on the characteristic time scale τ of the
precession frequency changes with respect to the spectral dis-
persion ωQ,D. Here, we use the indices Q and D to indi-
cate the quadrupolar and the dipolar interactions, respectively.
At sufficiently low temperatures where the hopping motion
is much slower than the inverse linewidth, τ  ω−1Q,D , the
line shape is not affected by the ionic motion. The observed
“rigid-lattice” spectrum in glasses can then often be described
by a superposition of broad and narrow Gaussian line shapes,
which reflect the quadrupolar and the dipolar broadened satel-
lite and central transitions, respectively. With rising tem-
perature, the motional correlation times shorten, reaching
τ ≈ ω−1Q,D , and motional narrowing of the respective spec-
tral contribution sets in at a temperature Tonset. From Tonset of
the central transition, Waugh and Fedin obtained a rough es-
timate of the ionic motion activation energy,24
Ea(meV) = 1.62 × Tonset(K). (2)
At much higher temperatures, at which the inverse motional
correlation times are larger than the spectral dispersion, the
spin environment appears averaged on the experimental time
scale and the observed narrow line is then best described by a
Lorentzian shape.
If a broad distribution of correlation times G(τ ) is
present, as is found in many glasses,25–29 Eq. (2) is prone to
underestimating the activation energy because motional nar-
rowing takes place over a wide temperature range and Tonset
only accounts for the fastest ions.
To resolve this problem, a powerful method for determin-
ing G(τ ) has been described in detail for 2H-NMR30, 31 and
has also been applied to lithium NMR.32–34 Briefly, a broad
distribution G(τ ) gives rise to the appearance of both mo-
tionally narrowed as well as broad, “slow” contributions in
the spectra which are commonly called “two-phase” spectra.
Starting from a superposition of weighted contributions, the
temperature dependent 7Li spectra S(ω,T) are usually written
to consist of three parts,
S(ω, T )=SS(ω)
∫ ∞
lnτ ∗Q
g(ln τ )d ln(τ )+SC(ω)
∫ ∞
lnτ ∗D
g(ln τ )d ln(τ )
+SL(ω)
∫ lnτ ∗Q,D
−∞
g(ln τ )d ln(τ ). (3)
Here, the time scales τ ∗D,Q divide the ions into rapidly
and slowly moving fractions. They are related to the second
moments M2 or the standard deviations σQ,D of the rigid lat-
tice spectrum via τ ∗D,Q = 1/M1/22,Q,D = 1/σQ,D. The prefactors
SS(ω), SC(ω), and SL(ω) correspond to the normalized spectral
intensities for the satellites, the central line, and the narrowed
Lorentzian line shape, respectively. The two former ones, SS
and SC, account for slow and the latter, SL, for fast motions.
The first two integrals in Eq. (3) represent the temperature
dependent weighting factor WQ(T) and WD(T), respectively.
When the Arrhenius law
τ = τ0 exp
(
Ea
kBT
)
(4)
holds for a thermally activated ionic jump motion, varying the
temperature allows one to extract the underlying distribution
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of activation energies (DAE) g(E). As g(E) represents a
property of the rigid glassy matrix, we assume it to be tem-
perature independent. With g(E)dE = g(lnτ )dlnτ and the
validity of an Arrhenius law assumed, one obtains g(lnτ )
= kBT · g(E). If we furthermore assume g(E) to be a Gaus-
sian with a mean value Em and a second moment σ 2E , the
weighting factor is
WQ(T ) = SS
∫ ∞
E∗(T )
g(E)dE
= SS
[
1
2
− 1
2
erf
(
E∗(T ) − Em√
2σE
)]
. (5)
Here, erf(x) denotes the error function and E*(T)
= kBT ln(τ ∗Q,D/τ 0). Using this approach, g(E) is obtained
from the derivative of the weighting factor with respect to
temperature according to
dWQ,D
dT
= −SSkB ln
(
τ ∗Q,D
τ0
)
g(E). (6)
In the following, we focus on WQ and emphasize that the
multi-particle nature of the dipolar interaction is hampering
a straightforward interpretation of WD .
B. Stimulated echoes
Stimulated-echo experiments allow one to study the ion
dynamics in the ultra-slow regime, i.e., at temperatures at
which correlation times τ c range from milliseconds to sec-
onds. In our measurements, we apply the Jeener-Broekaert
sequence35 X90◦ – tp – Y45◦ – tm – X45◦ – ta that has been
used previously to study atom and ion dynamics.32, 36, 37 Dur-
ing the evolution time tp, the spins with their quadrupolar per-
turbed NMR frequency gain a phase label according to their
specific charge or EFG environment. For pure quadrupolar
perturbation, a spin-alignment state is created with the second
pulse and the labeling is stored during the subsequent mixing
time tm. Following the last pulse, a spin echo is observed at
a rephasing time near or equal to tp.38 The signal amplitude
yields information about the loss of phase correlation during
tm. More precisely, the two-time phase correlation function39
F2(tp, tm) = 920 〈sin[ω(0)tp] sin[ω(tm)tp]〉 (7)
is probed. In Eq. (7) the brackets 〈· · ·〉 denote an ensemble
average. In the limit of sufficiently small evolution times,
F2(tp,tm) probes the probability that an ion still or again occu-
pies the same site after as before the mixing time. The decay
of the echo signal with respect to tm is then interpreted to be
due to the motion of the spin carrying ions that come along
with changes of the dominating quadrupolar precession fre-
quency. However, this simple interpretation is only possible
if frequency changes of another origin can be neglected,32, 40
e.g., if dipolar correlations are kept small by sufficiently short
evolution times. In experimental practice, further effects, such
as spin relaxation and spin diffusion, can lead to a prema-
ture decay of the echo and have to be taken into account.
The relaxation time T1Q of the spin-alignment state can be
estimated from separate measurements of the spin-lattice re-
laxation time T1, which for slow motions, ωLτ  1, and in
polycrystalline samples is related to T1Q according to T1/T1Q
= 25/8.41, 42 Spin diffusion leads to magnetization transfer via
a flip-flop process among the spins. This process is caused by
dipolar interactions that are quite effective in the glasses stud-
ied here due to the large gyromagnetic ratio of the 7Li nuclei
and can lead to a substantial damping of the echo amplitude
at long times and low temperatures when the ion dynamics
become slow.
The decay of the experimentally accessible stimulated-
echo signal can usually be well described by a suitably
adapted Kohlrausch function
I2(tp, tm) ∝ exp
[
−
(
tm
τc
)β]
S(tp, tm)R(tm). (8)
Here, β quantifies the non-exponentiality of the hopping cor-
relation function that is observed for most solid electrolytes.25
S(tp,tm) and R(tm) account for the effects of spin diffusion and
of spin relaxation, respectively.
C. Spin-lattice relaxation
Information regarding the dynamics on the time scale
of nanoseconds, i.e., on the order of the inverse Larmor fre-
quency is gained by performing spin relaxation experiments.
While the measurement of spin-lattice relaxation times T1 is
straightforward, for an accurate interpretation of such exper-
iments several aspects have to be considered. For I = 3/2, a
slightly non-exponential relaxation is generally expected at
low temperatures. The relaxation rate 1/T1 for an isotropic
motional process at sufficiently low temperatures and caused
by a fluctuating quadrupolar interaction is customarily related
to the spectral density Jn(nω) = 2τ c/[1+(nωτ c)2] at multiples
of the Larmor frequency,43, 44
1
T1
= KQ [J1(ωL) + 4J2(2ωL)] . (9)
Here, KQ = 125δ2(1 + η2/3) is a metric of the quadrupolar
coupling. In the presence of a broad distribution of correla-
tion times G(τ ), fluctuations of the magnetic field or the EFG
at the spin site are effective on a wide range of rates. In our
studies, we use the Cole-Davidson (CD) spectral density25
JCD = 2 sin[βCD arctan(ωτCD)]
ω[1 + (ωτCD)2]βCD/2 , (10)
which has proven effective in describing the spin-lattice relax-
ation times near the T1 minimum. Under these circumstances,
Eq. (9) describes an asymmetric curve on an inverse tempera-
ture scale. For high temperatures, ωLτCD  1, the relaxation
rate 1/T1 follows the same activation energy Ea as τCD. In
Eq. (10), the distribution parameter βCD describes the change
of slope in the low-temperature regime ωLτCD  1 as com-
pared to Ea. The parameter βCD is related to the stretch-
ing parameter of Eq. (8), although only numerical conversions
exist.45
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III. EXPERIMENTAL DETAILS
A series of mixed lithium borophosphate glasses of com-
position 0.33Li2O + 0.67[xB2O3 + (1 – x)P2O5] was pre-
pared from lithium carbonate (Li2CO3, Fisher Scientific,
99.8%), boric acid (H3BO3, Fisher Scientific, 99.7%), and di-
ammonium hydrogen phosphate [(NH4)2HPO4, Fisher Scien-
tific, 99.7%]. The powders were pre-dried, mixed, and ground
in the desired molar ratios. The mixtures were degassed and
melted within platinum crucibles, which were introduced for
60 min into a furnace pre-heated to around 1300 K. The mix-
tures were stirred frequently to ensure homogeneity and to
remove CO2, NH3, and H2O. Because we have found that
these glasses are slightly hygroscopic, afterwards the bubble-
free glasses were quenched to room temperature, brought in-
side a high-quality glove box, <5 ppm O2 and H2O, and were
remelted for 15 min in a furnace hermetically connected to
the side of a nitrogen filled glove box. Following this second
melting, the melts were quenched to ∼500 K into pre-heated
sample molds and were annealed about 5 to 10 K below their
glass transition temperature, Tg, for around 30 min and then
cooled slowly, ∼5 K/min, to room temperature. Weight losses
incurred during this procedure were generally found to be
within 1% to 2%. All samples were kept in closed jars inside
the glove box. For the NMR experiments, the glassy speci-
mens were ground to fine powders and filled into quartz glass
tubes which were then flame sealed under vacuum.
NMR measurements at Larmor frequencies of 117 and
150 MHz were performed using home-built spectrometers.
For experiments below room temperature and up to 435 K,
a cryostat from Oxford Instruments and a home-built probe
were employed. For temperatures up to 890 K, a furnace was
utilized which has been described elsewhere.46 The tempera-
ture stability was about ±0.2 K in each case. The duration of
the 180◦ radio-frequency pulses ranged from 5 to 7 μs. Addi-
tional static 7Li NMR spectra were obtained at 77.8 MHz on a
4.7 T magnet operated with a Bruker DSX-400 spectrometer.
Single-pulse spectra were obtained with 20◦ pulses of 2 μs
length and relaxation delays of 120 s were used. These mea-
surements were done in 20 K steps within a temperature range
of 200–500 K.
Spin-lattice relaxation times were measured at 117 and
150 MHz using an inversion recovery pulse sequence com-
bined with a solid echo for detection in order to circumvent
the receiver’s dead time. These experiments were conducted
at temperatures from 158 up to 454 K at 117 MHz and from
300 to 890 K at 150 MHz. A recovery time of about 4T1
was inserted prior to each experiment. At temperatures be-
low 280 K, the spin relaxation measurements were preceded
by a saturation sequence.
The interpulse delay for the acquisition of solid-echo
spectra was chosen to be  = 20 μs. To minimize spectral
noise, we performed an apodization of the recorded time sig-
nal with a Gaussian function before Fourier transformation.
The phasing of all spectra was tuned by a first-order phase
correction to minimize the dispersive part of the spectrum.
For the spin-alignment experiments, the evolution times were
set to 20 μs which is short enough to sufficiently separate the
quadrupolar from the dipolar contributions in the time domain
signal. The latter contribution produces a spectral pedestal at
the quadrupolar echo maximum which amounts to less than
10% of the total echo amplitude. Experiments above the re-
spective Tg were performed carefully and checked in each
single measurement against the occurrence of crystallization,
which would manifest itself in substantially longer relaxation
times in repeat experiments at lower temperatures.
Electrical conductivity measurements were carried out
using a Novocontrol impedance spectrometer using a setup
described previously.47 Samples were measured within the
frequency range 10−2–106 Hz, between 200 and 550 K at an
applied voltage of 20 mV on polished samples of 1 to 2 mm
thickness and ∼20 mm diameter. To improve the contact to
the electrodes, the sample surfaces were covered with a layer
of gold by radio-frequency sputtering using an Anatech Hum-
mer V sputtering device inside the glove box. Temperatures
were controlled within ±0.2 K and samples were equilibrated
for 30 min at each temperature.
IV. RESULTS AND ANALYSES
A. Electrical conductivity spectra
Figure 1 shows a typical conductivity spectrum over the
temperature range considered for the x = 0.5 sample; re-
sults for all of the other glass compositions were found to be
qualitatively similar. The sigma isotherms show the typical
behavior of ion conducting glasses for which the electronic
conductivity is essentially zero. The slopes observed in the
low-frequency ranges at higher temperatures arise from elec-
trode polarization effects. Towards higher frequency, the typ-
ical dc plateaus are observed which convert to the dispersive
region towards yet higher frequencies. For all of the sam-
ples, σ dc was found to follow an Arrhenius temperature de-
pendence, see however Ref. 47. The corresponding activation
energies are summarized in Sec. V A 2.
B. 7Li-NMR spectra
In Fig. 2, we present static 7Li single-pulse spectra of
the central −1/2 ↔ +1/2 transition in the temperature range
FIG. 1. Double-logarithmic representation of the electrical conductivity
σ ′(ν) of a 0.33Li2O + 0.67[0.5B2O3 + 0.5P2O5] glass as measured from
200 to 540 K in steps of 20 K. At high temperatures and low frequencies the
data are affected by space charge (electrode polarization) effects.
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FIG. 2. Static single-pulse 7Li-NMR spectra of 0.33Li2O + 0.67[xB2O3
+ (1 – x)P2O5] with x = 0.0, 0.5, and 1.0 showing a narrowing of the central
line with increasing temperature. The spectra in each frame were recorded
for temperatures ranging from 200 K (spectra at bottom) to 500 K (spectra at
top) in steps of 20 K.
200 K < T < 500 K for x = 0.0, 0.5, and 1.0 glasses. For ex-
ample, for the sample with x = 0.5, the central transition ex-
hibits a Gaussian shape at low temperatures with a full width
at half maximum of ν ≈ 5 kHz. With increasing tempera-
ture, the absorption line narrows continuously and indicates
motional narrowing. At intermediate temperatures, the line
shape can be described by a superposition of a Gaussian and a
Lorentzian function, whereas at high temperatures only a nar-
row Lorentzian line remains. From Fig. 2, it can be seen that
for the x = 0.5 glass, motional narrowing sets in at a temper-
ature that is lower than Tonset for the other two samples.
In Fig. 3, the linewidths are plotted against temperature
for the x = 0.0, 0.3, 0.5, 0.7, and 1.0 glasses. For the bi-
nary glasses at the borate (x = 1.0) and phosphate (x = 0.0)
limits, motional narrowing is observed at substantially higher
temperatures, Tonset ≈ 329 K and 345 K, respectively, than
for intermediate compositions, e.g., Tonset ≈ 283 K for
x = 0.5. To highlight the observed x-dependence, we em-
ployed a parabolic fit to the inflection points of ν(T) and
included the results for x = 0.1, 0.2, 0.4, 0.6, 0.8, and 0.9
(which are not shown in Fig. 3).
In Fig. 3, the line-width data are shifted vertically for
display purposes only. It should be noted that the low-
temperature linewidths, which are dominated by the homonu-
clear 7Li-7Li magnetic dipole-dipole couplings, increase with
x from ν ≈ 3.9 kHz for x = 0.0 up to 6.4 kHz for x = 1.0.
We ascribe this broadening to the increase of the Li number
density with increasing x and thus to stronger dipolar interac-
tions towards the borate-rich side of the concentration range.
Figure 4 shows a plot of the central line’s second moment M2
= ν2/(8 ln2), valid for a Gaussian line shape, as a function
of the Li+ ion concentration NV . Here NV was calculated from
the molar volumes which in turn were deduced from experi-
mentally determined densities.48 M2 depends approximately
linearly on NV , see Fig. 4, as expected theoretically for a ran-
dom Li+ ion distribution.49
For the x = 0.5 sample Fig. 5 shows a 7Li NMR spec-
trum at 280 K that also includes the satellite contributions. To
FIG. 3. Full width at half maximum of the central line read out from the
spectra exemplified in Fig. 2 and from corresponding data for 0.33Li2O
+ 0.67[xB2O3 + (1 – x)P2O5] with x = 0.3 and 0.7. The linewidths were
shifted vertically by x × 10 kHz to avoid overlap. The dashed line shows a
parabolic fit through the temperature dependent inflection points in ν(T) for
all sample compositions. This includes data for x = 0.1, 0.2, 0.4, 0.6, 0.8, and
0.9 which are not shown here.
describe the line shape quantitatively, we split the normalized
spectral area into three contributions, as suggested by Eq. (3).
Explicitly, we use a superposition of two Gaussian and one
Lorentzian functions,
S(ω) = AQ
σQ
√
2π
exp
(
− (ω − ω0,Q)
2
2σ 2Q
)
+ AD
σD
√
2π
× exp
(
− (ω − ω0,D)
2
2σ 2D
)
+ AL
π
γL
(ω − ω0,L)2 + γ 2L
.
(11)
FIG. 4. The dipolar second moments M2(7Li-7Li) calculated from the full
widths at half maximum are plotted as a function of the lithium ion num-
ber density NV in the glasses under study. NV steadily increases with x. The
approximately linear dependence is consistent with a spatially random distri-
bution of Li ions. The line is drawn to guide the eye.
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FIG. 5. The solid line represents a solid-echo spectrum of 0.33Li2O
+ 0.67[0.5B2O3 + 0.5P2O5] recorded at 280 K with an inter-pulse delay
 of 20 μs. The other lines reflect the various contributions of a combined
fit to the spectrum. The shaded area and the red dashed-dotted line refer to
Gaussian functions, whereas the blue dashed line corresponds to a Lorentzian
contribution. See Eq. (3) and text for details. Frame (a) provides an overall
view of the spectrum. In frame (b) the satellite contributions are magnified
fivefold.
Here, the first two terms represent the satellite and the
central transitions of the slowly moving ions whereas the last
term accounts for the fraction of fast ions, with γ L parameter-
izing the width of the latter spectral contribution. Each term is
weighted with an appropriate amplitude AQ,D,L. The designa-
tions “slow” and “fast” refer to the appropriate reference time
scale τ ∗Q,D . Equation (11) provides an excellent description of
our spectra at all temperatures if we constrain ω0,Q,D and ω0,L
to the values obtained from the spectra acquired at the lowest
and highest temperatures, respectively. For the compositions
x = 0.3 to 1.0, the Gaussian width of the satellites is about σQ
= 2π × 32 kHz. For the x = 0.0 glass, we find a much smaller
value of σQ = 2π × 22 kHz.
From best fits to Eq. (11), we calculated the weighting
factors WQ,D = AQ,D/(AQ + AD + AL), the temperature de-
pendence of which is described by Eq. (5). We furthermore
define the temperature Tmax,Q,D that marks the most probable
energy barrier via
Em=kBTmax,Q ln(τ ∗Q/τ0). (12)
The temperature dependence of the Gaussian contributions
WQ and WD is shown in Fig. 6(a). As expected, WQ and WD
decrease continuously with increasing temperature.50 These
parameters account for the fraction of spins (or Li ions) that
move slowly with respect to the time scale τ ∗Q and τ ∗D , respec-
tively. The fraction WD , relating to the central line, decays
within a temperature range of about 150 K, whereas for the
satellite contributions WQ a much wider range of more than
300 K is observed. This indicates that there is a major differ-
ence between the narrowing of the quadrupolar satellites and
of the dipolar broadened central line which arises not solely
because of the difference in τ ∗Q versus τ ∗D . In other words, the
same motional process affects the two contributions in a sub-
FIG. 6. (a) Satellite (black circles) and central-line (red triangles) Gaussian
shaped area fractions as well as Lorentzian contribution (blue squares) to the
NMR spectra of 0.33Li2O + 0.67[0.5B2O3 + 0.5P2O5] referring to “slow”
and “fast” ionic motions at different temperatures. The black solid and red
dashed lines show fits using Eq. (5), whereas the blue dashed-dotted line
gives the remainder to unity. (b) Absolute values of the first derivatives of the
calculated weighting factor functions as shown in frame (a).
stantially different fashion. The central line reflects a multi-
particle interaction and therefore not only the motion of an
observed spin itself but also the motion of adjacent ions leads
to an averaging of the local frequency at the spin site.
From fits using Eq. (5), we obtained the first derivatives
of the weighting factors, see Fig. 6(b). For these fits, we have
taken Ea as the mean activation energy and the Arrhenius
prefactor τ 0 from Table I. For a more detailed description of
how these parameters were determined for the x = 0.5 glass,
see Sec. V A. Clearly, the satellites yield a distribution with
a much higher maximum temperature Tmax,Q = (440 ± 18)
K than for the central line for which Tmax,D = (374 ± 6) K.
Keeping in mind the above argument of a more effective av-
eraging of dipolar broadenings, this finding of vastly different
Tmax values is not surprising. With σQ = 2π × 32 kHz and
σD = 2π × 2.1 kHz, the maximum temperatures correspond
to characteristic time scales of τ ∗Q ∼ 5 μs and τ ∗D ∼ 76 μs,
respectively.
The weighting factors WQ evaluated for different compo-
sitions x are compared in Fig. 7. Here, for clarity, we again
shifted the data vertically according to their x-dependence.
The binary glasses, x = 0.0 and x = 1.0, exhibit higher Tmax,Q
values than the ternary glass with x ∼ 0.5. The lines in this
plot were calculated using Eq. (5) in conjunction with the
TABLE I. Compilation of various parameters determined for the 0.33Li2O
+ 0.67[xB2O3 + (1 – x)P2O5] glasses via the NMR techniques used in this
work.
x Ea (eV) τ 0 (s) σE (eV)
0.0 1.07 ± 0.09 1 × 10−16 0.14 ± 0.02
0.3 0.88 ± 0.09 4 × 10−16 0.20 ± 0.05
0.5 0.74 ± 0.05 3 × 10−14 0.18 ± 0.05
0.7 0.75 ± 0.09 1 × 10−13 0.2 ± 0.1
1.0 0.88 ± 0.09 1 × 10−14 0.2 ± 0.1
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FIG. 7. Weighting factors WQ from the satellite spectra of 0.33Li2O
+ 0.67[xB2O3 + (1 – x)P2O5]. The data were shifted vertically by an off-
set equal to x to avoid overlap. The solid lines represent fits according to
Eq. (5).
Arrhenius parameters and energy widths σE given in Table I
and describe the experimental data very well.
C. Dynamics probed by two-time correlation functions
7Li stimulated-echo experiments have been performed to
study the ion dynamics in the low-temperature, slow-motion,
regime. In Fig. 8(a), we present the normalized echo intensi-
ties for x = 0.5 at temperatures ranging from T = 158 K to
T = 387 K. To describe our data, we use Eq. (8) and account
for the decay of the spin-alignment state by an exponential
function with a time constant (8/25) × T1 and a T1 deter-
mined by separate spin-lattice relaxation measurements.41, 42
For compositions with a finite boron concentration, i.e., for
all samples except x = 0.0, spin-lattice relaxation is relatively
slow so that no substantial damping of F2 is expected.
Below ∼330 K, the decays of the correlation functions
do not slow down as much as observed at higher tempera-
tures, but become substantially more exponential indicating a
non-negligible effect of spin diffusion that ultimately masks
the decay due to ionic jump motions. To account for this pre-
mature decay of F2, we determine the time constants τ SD and
stretching parameters βSD for spin diffusion from measure-
ments at low temperatures. We find mean τ SD of the order of
seconds and βSD ∼ 0.6 ± 0.1 without any evident composi-
tion (x) dependence.
Figure 8(b) depicts normalized echo intensities recorded
for all of the glasses at 348 K. In these glasses, F2 decays to
zero at long tm as expected by the stretched exponential func-
tion in Eq. (8). From this we find that the Li+ ion dynamics
are more than one order of magnitude faster in the x = 0.5
glass than either for the x = 0.0 or for the x = 1.0 glass. The
decays of the F2 functions are all strongly non-exponential in-
dicating that the underlying distributions of correlation times
are broad. From Fig. 8(b) one recognizes that the response of
the x = 0.5 glass is the most stretched, in accord with the ex-
pectation that in this sample the largest diversity of network
former environments should be present. From fits using
FIG. 8. (a) Normalized mixing time dependent stimulated-echo intensities
of 0.33Li2O + 0.67[0.5B2O3 + 0.5P2O5] at various temperatures. All data
were recorded for an evolution time of tp = 20 μs. The solid lines are fits
using a stretched exponential function, Eq. (8) including a term describing
the decay of quadrupolar spin order. For this analysis T1Q relaxation was
accounted for by an exponential decay with a time constant equal to (8/25)
× T1 as motivated in Ref. 41. A decay (presumably due to spin diffusion with
τSD ∼ 0.7 s) is indicated by the dashed line. (b) Normalized stimulated-echo
intensities of 0.33Li2O + 0.67[xB2O3 + (1 – x)P2O5] at a temperature of
348 K. The lines are fits to the data using Eq. (8). A non-monotonic evolution
of the decay times as a function of the concentration x is evident.
Eq. (8), we obtain stretching parameters β = 0.5, 0.35, 0.28,
0.38, and 0.41 for x = 0.0, 0.3, 0.5, 0.7, and 1.0, respectively.
For T ≥ 330 K, the mutual differences between these param-
eters for different x values are similiar to the ones given here.
For all x, the absolute values of β tend to become smaller
with increasing temperature, as one may infer for x = 0.5
from Fig. 8(a). Since the x-dependence of the stretching pa-
rameters mimics the one of the time scales it is interesting to
compare F2 functions decaying all on the same time scale.
For this comparison we have chosen a 1/e decay time of
(4 ± 0.5) ms which is roughly in the middle of the exper-
imentally accessible time window. We find that the F2 func-
tions thus considered all exhibit the same stretching parameter
β = 0.36 ± 0.02 irrespective of x (not shown).
An additional investigation of the evolution time de-
pendence of the correlation functions can yield information
on the type of the motional process.32 For x = 0.5, we
employed stimulated-echo experiments with evolution times
ranging from 15 to 410 μs at 370 K. For tp < 50 μs we
find almost constant τ c values and a slight decrease for larger
tp (not shown). The latter arises from the growing dipolar
contribution,40 thereby hampering a simple interpretation of
the decay time.
D. Spin relaxation measurements
In Fig. 9, the measured spin-lattice relaxation times are
summarized for sample compositions x = 0.0, 0.3, 0.5, and
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FIG. 9. Mean spin-lattice relaxation times of 0.33Li2O + 0.67[xB2O3
+ (1 – x)P2O5] recorded at Larmor frequencies of ωL = 2π × 117 MHz
(open symbols) and ωL = 2π × 150 MHz (filled symbols). The ordinate axis
refers to x = 0.5. To avoid overlap the data for x = 0.3 and x = 1.0 were
shifted downwards and upwards, respectively, by one order of magnitude.
Data for x = 0.0 were shifted by two orders of magnitude. For T > 450 K and
below the minimum in 〈T1〉 the solid lines show fits to the data according to
Eq. (9) in conjunction with Eq. (10) and using the parameters given in Table I
and Sec. IV D. The glass transition temperatures, Tg, are indicated by dashed
lines. The inset shows the compositional dependence of 〈T1〉 at T = 157 K.
1.0. Above 300 K, we observe single exponential magnetiza-
tion recovery curves M(t) ∝ exp[–(t/T1)1–μ] with μ = 0 and
below 300 K slight deviations from exponential magnetiza-
tion recovery occur. At the lowest investigated temperatures,
fits using the given Kohlrausch function yield μ = 0.04, ex-
cept for x = 0 where μ = 0.16 below 200 K. In Fig. 9, we
present the mean relaxation times, taken over the distribution
underlying the Kohlrausch function, 〈T1〉 = T1 (1 −μ)−1 [(1
– μ)−1], with  denoting Euler’s Gamma function. At the low
temperature end, the spin-lattice relaxation times become al-
most temperature independent and samples with increasing
boron content exhibit shorter T1 as documented in the inset of
Fig. 9.
With increasing temperature, T1 becomes significantly
shorter until at values of 〈T1〉 ≈ 0.1 s we find minima at 775,
676, and 752 K for x = 0.0, 0.3, and 0.5, respectively.51 For
x = 0 this minimum occurs at temperatures substantially
higher than the glass transition temperature, whereas in the
x = 0.3 and 0.5 samples, the temperature of the minimum ap-
pears to coincide roughly with Tg. Unfortunately, for the mod-
estly conducting oxide glasses under study, it is not possible
for the Larmor frequencies used here to detect a T1 minimum
below Tg for any of the glasses. A straightforward quanti-
tative analysis of the data in Fig. 9 on the basis of Eq. (9)
in conjunction with a single suitable spectral density seems
therefore not to be appropriate: For all the glasses except the
one with x = 0.0, the T1 values measured on the different
two sides of the minimum, at low and high temperatures,
refer to two different physical states. The high-temperature
side refers to the supercooled melt while the low-temperature
side refers to the glassy state. These different states can be
expected to be associated with different activation energies
and spectral densities.52 Therefore, we chose to estimate the
FIG. 10. Arrhenius representation of time constants for 0.33Li2O
+ 0.67[0.5B2O3 + 0.5P2O5] acquired by different NMR techniques. Cor-
relation times were evaluated from F2 measurements (black stars), from the
spin-lattice relaxation time minimum (filled square), from the minimum in
the spin-spin relaxation times (filled diamond), and from the inflection point
of the weighting factor WQ(T) (open diamond), cf. Fig. 6(b). Conductivity
relaxation times τσ (red filled circles) were calculated according to Eq. (13).
The solid line represents a fit using an Arrhenius law. The open circles corre-
spond to mean spin-lattice relaxation times. The calorimetric glass transition
temperature Tg = 732 K is indicated by the dashed line.
width parameter of the latter using the following procedure:
For Cole-Davidson spectral densities, cf. Eq. (10), we ex-
pect an asymmetrically shaped minimum with a “reduced”
slope βCDEa in the low-temperature regime, ωLτ  1, as
compared to the behavior in the high-temperature limit, ωLτ
 1, where the magnitude of the slope is simply Ea. How-
ever, since the high-temperature regime does not occur in the
glassy state, but rather above Tg in the (supercooled) liquid,
it is not possible to obtain Ea by analyzing the T1 data
in that regime. Therefore, for a determination of Ea we
have to resort to the various echo techniques that were ap-
plied below Tg. For x = 0.5 the corresponding Arrhenius plot
(see Fig. 10, below) is presented and discussed in detail in
Sec. V A 1. From these data and those of other concentra-
tions τCD was evaluated via the Arrhenius relation, Eq. (4),
yielding τ 0 and Ea as summarized in Table I. Use of these
activation energies together with the “reduced” ones as ob-
tained from fitting T1 in the slow-motion regime yields the
distribution parameter βCD = 0.28 ± 0.11 for x = 0.5. For
the curve shown in Fig. 9 we set δ/2π = 86 kHz as the
anisotropy parameter for x = 0.5. The curve describes the
data even above Tg into the supercooled liquid state with only
slight deviations. According to Eqs. (9) and (10), the condition
for the T1 minimum becomes ωLτCD = 1.88, which means
τCD = 2.0 ns at 752 K for x = 0.5. The corresponding anal-
ysis yields βCD = 0.43 ± 0.13, δ/2π = 83 kHz, and τCD
= 1.4 ns for x = 0.0 and βCD = 0.30 ± 0.06, δ/2π = 82 kHz,
and τCD = 1.6 ns for x = 0.3. The relatively good agree-
ment between experimental data and calculated T1 curve, even
above Tg, suggests that the activation energy is not altered dra-
matically while passing through Tg. This is not entirely unex-
pected for the decoupled ion conductors we deal with in the
present investigation.52
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Spin-spin relaxation times T2 have been measured using
a solid-echo pulse sequence in the temperature range from
T = 158 K up to 890 K. We find a T2 minimum at T = 424 K
for x = 0.5 (not shown). At this temperature, the correlation
time is of the order of the inverse satellite linewidth, i.e., σQτ
∼ 1. Here, σQ represents the quadrupolar linewidth parameter
of the rigid lattice spectrum and τ is the correlation time of
the fluctuations determining the temperature at which the T2
minimum is observed. We obtain τ ∼ 5 μs (for x = 0.0 an
analogous analysis yields τ = 7 μs).
V. DISCUSSION
A. Time scales, activation energies,
and their distribution
1. Time scales for x = 0.5
Using various NMR techniques and from conductivity
experiments, we collected time constants τ c over a wide dy-
namic range from nanoseconds to milliseconds and present
them on an inverse temperature scale for x = 0.5 in Fig. 10.
This figure includes time constants obtained from two-time
correlation functions, cf. Fig. 8(a), from the minima of the
spin-lattice relaxation times T1 and of the spin-spin relaxation
times T2, see Sec. IV D, as well as from the maximum of
dWQ(T)/dT, see Fig. 6(b). Applying the Arrhenius law,
Eq. (4), to the data shown for T > 310 K in Fig. 10 then yields
an activation energy Ea = 0.74 eV and a pre-exponential
factor τ 0 = 3 × 10−14 s for the ion hopping in 0.33Li2O
+ 0.67[0.5B2O3 + 0.5P2O5] as included in Table I. At tem-
peratures below ∼ 310 K, the time constants obtained from
the F2 measurements deviate significantly from an Arrhe-
nius behavior, possibly indicating the contribution from a sec-
ond process. Spin-lattice relaxation times are always at least
100 times longer than the time constants measured via stim-
ulated echoes. Since we are mainly interested in ion hop-
ping times, we restricted our analysis to temperatures higher
than 310 K.
Apparently, the determination of correlation times from
high-field T1 measurements of the x = 0.5 glass requires ex-
periments above its calorimetric glass transition temperature,
Tg ∼ 732 K. Since Tg usually corresponds to a structural ma-
trix relaxation time of the order of 100 s, whereas at the T1
minimum the correlation time for the ionic motion is close
to 1 ns, the two time scales are well separated from each
other. Hence, near Tg the Li+ ions can be considered to be
fully decoupled from the motion of the underlying network
structure, a situation that is common for fast ion conducting
glasses.52 Nevertheless, the situation remains that above Tg
the mobile Li+ ions are conducting within a slowly and vis-
cously relaxing matrix and as such, the dynamics of the Li+
ion motion will reflect, however limited, this motion. In mea-
surements of the ionic conductivity of such glasses above Tg,
this is observed as a higher and temperature dependent activa-
tion energy. The higher activation is thought to arise from the
conduction process now encountering the added temperature
dependent structural relaxation of the viscous liquid network.
See, for example, Ref. 53.
FIG. 11. Characteristic indicators for ionic motion as a function of compo-
sition in 0.33Li2O + 0.67[xB2O3 + (1 – x)P2O5] glasses at different tem-
peratures: (a) dc-conductivity, (b) correlation rates from F2 experiments, and
(c) inverse mean spin-lattice relaxation times. All sets of data reveal a maxi-
mum at intermediate B2O3 concentration indicative for the MGFE. Lines are
drawn to guide the eye.
From the electrical conductivity σ ′(ν) of 0.33Li2O
+ 0.67[0.5B2O3 + 0.5P2O5] a conductivity relaxation time,54
τσ = ε0ε∞/σdc, (13)
was extracted and the results are included in Fig. 10. Here ε0
is the permittivity of free space and ε∞ is the high-frequency
dielectric constant (8.7 for x = 0.5). The time constants τσ
thus obtained are in good agreement with those determined
from the various NMR techniques.
2. Compositional dependence
To delineate the compositional dependence of the time
scales, in Fig. 11 we plot the dc-conductivities, the correla-
tion rates from F2, and the spin-lattice relaxation rates versus
the boron-oxide content for various temperatures. Obviously,
σ dc is proportional to the thermally induced hopping rate τ c−1
measured by NMR. A similar argument applies to the spin-
lattice relaxation time below its minimum which, according to
Eqs. (9) and (10), yields T1 ∝ τ βCDCD . Furthermore, it is clearly
seen that all experimental methods reveal an enhanced ion
mobility between x = 0.4 and 0.5 demonstrating the MGFE.
Creating a hybrid matrix seems to enable the ions to per-
form a faster motion through the glass. Furthermore, in the
0.33Li2O + 0.67P2O5 glass, the matrix hinders the ionic mo-
tion, i.e., having a higher activation energy, substantially more
than in the borate glass. Evidently, the anionic metaphosphate
groups form deeper Coulomb traps compared to the anionic
BO4 groups in the borate glass system.
Figure 12 depicts the activation energies Ea ob-
tained via the different techniques and demonstrates that
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FIG. 12. Activation energies of 0.33Li2O + 0.67[xB2O3 + (1 – x)P2O5]
from dc-conductivity measurements (red closed circles), combined F2 and T1
data (black filled squares), as exemplified in Fig. 10, and from the maximum
in the distributions g(E) obtained via the analysis of the weighting factor
WQ(T) (blue open circles). The dashed line shows a common parabolic fit to
these data indicating a characteristic minimum due to the MGFE. The open
green squares are the activation energies calculated from Tonset with the semi-
empirical formula introduced by Waugh and Fedin, cf. Eq. (2), which yields
much lower values than those determined via the other techniques.
consistent results are obtained within the experimental uncer-
tainties. Clearly, all data display the MGFE, i.e., reduced ac-
tivation energies in the mixed systems, exhibiting a minimum
near x = 0.5. Only the activation energies estimated from the
temperature Tonset, at which motional narrowing of the spectra
sets in, cf. Eq. (2) due to Waugh and Fedin,24 yields consis-
tently smaller activation energies, nevertheless exhibiting the
same compositional trend as the other data in Fig. 12.
3. Distribution of activation energies
As illustrated in Fig. 6 for x = 0.5, distributions of
activation energies, g(E), can be evaluated from detailed
line shape analyses. Furthermore, g(E) is accessible from
an appropriate scaling of spin-lattice relaxation times T1 as
follows:55 We start from a superposition of spectral densities,
yielding the relaxation rate, cf. Eq. (9),
ωL
T1
= KQ
∫ ∞
0
G (τ )
[
ωLτ
1 + ω2Lτ 2
+ 4ωLτ
1 + 4ω2Lτ 2
]
dτ. (14)
We use the Arrhenius law to connect G(τ ) = kBT/τ · g(E)
to the DAE and, if g(E) is broad enough to consider it as
constant regarding the integration, Eq. (14) reduces to
g(E) ≈ 2ωL
3πKQT1kBT
. (15)
Since the temperature is related to the energy scale by E
= −ln (ωLτ 0)kBT, cf. Eq. (12), appropriate scaling of T1 can
be used to determine τ 0 as given in Table I. Applying the scal-
ing procedure suggested by Eq. (15) for x = 0.0, 0.3, 0.5, 0.7,
and 1.0 yields the results shown in Fig. 13. The DAE obtained
at different Larmor frequencies are seen to fit together nicely
if we set the coupling constant to KQ = (1400 ± 400) kHz2.
The DAE evaluated from dWQ(T)/dT, cf. Sec. IV B, are in-
cluded as solid lines in Fig. 13 as well. The DAE from both
methods of determination are seen to be compatible with each
other, within the sometimes considerable experimental uncer-
FIG. 13. Symbols represent the barrier distributions g(E) obtained from
temperature dependent spin-lattice relaxation times. The energies plotted on
the x-axis were obtained from the scaling procedure implied by Eq. (15)
which assumes that the ionic motion in 0.33Li2O + 0.67[xB2O3
+ (1 – x)P2O5] is governed by an Arrhenius law. The τ 0 parameters used
in this scaling are given in Table I. Symbols filled to the right and to
the left represent scaled spin-lattice relaxation times recorded at ωL = 2π
× 150 MHz and at ωL = 2π × 117 MHz, respectively. Data measured above
Tg are indicated by open symbols. The dashed lines and the solid lines refer
to the distributions g(E) obtained from the first derivatives of the weighting
factors WQ(T) (see also Figs. 6 and 7) for different sample compositions. All
data were shifted vertically by x as emphasized by the ordinate axis on the
right-hand side. The dashed lines are used to indicate the larger experimen-
tal uncertainty in the determination even of the mean activation energies for
x = 0.7 and 1.0 (cf. Fig. 12).
tainty. Only for the x = 0.0 glass are the scaled T1 data peaked
at a slightly lower mean activation energy as compared to the
one yielded by dWQ(T)/dT. Shifting the data by an offset of
x, as done in Fig. 13, we again find a clear depiction of the
MGFE as one tracks the evolution of the DAE maxima.
The widths of the DAE shown in Fig. 13 are fairly large,
nearly 20% of the average. In view of the considerable uncer-
tainty in determining the detailed shape of these DAE, how-
ever, we refrain from discussing any possible x-dependence
of their widths, σE, beyond stating that the x = 0 glass ex-
hibits the narrowest distribution. Based upon recent studies47
it might be expected that a 20% width of the average re-
sults in significant deviations from Arrhenius behavior in var-
ious Li+ transport coefficients. However, such deviations be-
come noticeable in an Arrhenius plot only at relatively low
temperatures.47 We are in the process of measuring the Li+
ion conductivity of these glasses to lower temperatures to ex-
amine their DAE in detail.
B. Correlation of transport with the composition
dependence of glass structure
In the present section we will discuss the compositional
changes of the Li+ transport in terms of the x-dependence of
the local structural building blocks. An excellent review of
the structures of these and related glasses in relation to the
MGFE is available,17 see also Ref. 56. Therefore, here we
will focus on the most important structural changes that are
occurring for the present glass system. These changes concern
those structures in which mobile Li+ ions are involved. We
will begin with the structures of the binary lithium phosphate
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FIG. 14. Fractions of NFUs in yLi2O + (1 – y)[xB2O3 + (1 – x)P2O5]
glasses with y = 0.33 as a function of x. The lines were calculated according
to the procedure described in Ref. 17. Similar trends but for y = 0.25 and for y
= 0.4 are shown in Fig. 4 of Ref. 17. The solid lines refer to strict B(4) linkage
avoidance. The dashed line represents a scenario for which this condition is
slightly relaxed (corresponding to a parameter f = 0.1 as defined in Ref. 17).
glasses and consider the effect of B2O3 additions, small x, to
this glass, then progress to glasses rich in B2O3, large x, and
finally to pure binary lithium borate glasses.
By analogy with sodium phosphate glasses a 0.33Li2O
+ 0.67P2O5 glass is known to consist of two network forming
units (NFUs), the so-called P(3) and P(2) structures.57 Here the
superscript refers to the number of bridging oxygens (BOs)
on the central P atom, possessing no or one formal nega-
tive charge, respectively. Overall charge balance with the Li+
ions requires that the fraction {P(2)} of the singly negatively
charged P(2) NFUs in these binary glasses is {P(2)} = (2
× 0.33)/(2 × 0.67) = 0.5. Hence in the absence of other P
groups, the fraction of the electrically neutral metaphosphate,
P(3), groups is {P(3)} = 1 − {P(2)} = 0.5.
As P2O5 is substituted by B2O3, x > 0, it was
found12, 48, 56 that all of the added B is incorporated into the
glass in the form of B(4) units even though the base binary
glass 0.33Li2O + 0.67B2O3 (x = 1) is found to consist of
∼45% B(4) units, ∼45% B(3), and ∼10% B(2).58 The forma-
tion of B(4) units in the ternary glasses can be thought to arise
from the reaction of a neutral B(3) unit with a P(2) unit. In
a shorthand notation which also indicates the charge states
(q = 0 and 1–) of the NFUs this disproportionation reaction
can be written as12, 20
(B(3))0 + (P(2))1− −→ (B(4))1− + (P(3))0. (16)
Hence, with increasing borate content up to x ∼ 0.5, anionic
P(2) units are formally being replaced by anionic B(4) units. A
recent model enables one to compute the compositional evo-
lution of the various NFU fractions in mixed matrix glasses.17
We carried out the corresponding calculations in the simplest
version of the model for the present glass series (with an al-
kali fraction of y = 0.33) and show the results in Fig. 14 for
0 < x < 11/12. One recognizes that the concentration of the
B(4) groups and likewise for P(2) is essentially constant beyond
x ∼ 0.4. In the case we discuss here, more highly charged
groups appear only for x > 11/12 which is not shown in
Fig. 14.
A comparison of the x-dependence of the activation en-
ergies (Fig. 12) with that of the formally charged NFUs (i.e.,
B(4) and P(2), see Fig. 14) reveals a striking similarity. A re-
lated observation was made for the sodium borophosphate
glass system 0.4Na2O + 0.6[xB2O3 + (1 – x)P2O5]: It was
shown that the macroscopic ionic conductivities as well as the
microscopic characteristic lengths of charge transport in these
glasses follow the same compositional dependence as the con-
centration of four-coordinated boron atoms.12, 13 In fact, evi-
denced by experimental data from 31P and 11B NMR as well
as from XPS and vibrational spectroscopy a correlation simi-
lar to that shown in Fig. 14 has been found most recently for
the present glass system, see Ref. 48.
Bond valence considerations indicate further that the for-
mal charges in Eq. (16) are in reality re-distributed within the
B–O–P linkages so that Eq. (16) must be considered a sim-
plification only for book-keeping purposes. As discussed in
detail elsewhere,48 the formal charge associated with a B(4)
unit linked to four P(3) species is dispersed over the four non-
bridging O atoms of the latter. Hence, with increasing borate
content, the mobile Li+ ions bound to discrete non-bridging
oxygens on the P(2) units are successively replaced by mobile
lithium ions bound to the more widely dispersed charges on
the P(3) units linked to the B(4) species, and are thus trapped
less effectively. As the borate concentration increases beyond
x = 0.4, the B–O–P linkages are successively replaced by
B(4)–O–B(3) linkages, increasing the anionic character of the
B(4) units, and of the bridging oxygen atoms associated with
them.
The close correspondence between the ion transport
properties and the pattern seen in Fig. 14 suggests that ionic
mobility is related to the extent in delocalization d defined in
Ref. 17 as the magnitude of the charge state, |q|, of a given
NFU divided by the number of oxygen atoms (bridging or
non-bridging) over which the charge is spread. Thus, d is 1/4
for B(4) and 1/2 for P(2).17 As explained above, d is also 1/4
for a B(4) species involved in four B–O–P(3) linkages, as its
charge is effectively delocalized upon the four P-bound non-
bridging oxygen atoms. Thus, within the composition range
0 ≤ x ≤ 0.4 there is a successive change from d = 1/2 to d
= 1/4, whereas at higher borate content d remains at an ap-
proximately constant value of 1/4. The results of the present
study show that a larger degree of charge dispersal (via B(4)–
O–P(3) linkages at low x values and via B(4)–O–B(3) linkages
at high x values) appear to be favorable for ion transport, by
diminishing Coulombic forces between the mobile Li+ ions
and the oxygens which now possess significantly less than a
full negative charge.
VI. SUMMARY AND CONCLUSIONS
In the present article we applied conductivity spec-
troscopy as well as various NMR techniques with the goal
to obtain a more complete understanding of the ion dynam-
ics in mixed matrix ionic glasses of the general composi-
tion 0.33Li2O + 0.67[xB2O3 + (1 – x)P2O5]. From tempera-
ture dependent measurements of electrical conductivity, from
analyses of the dipolar and quadrupolar 7Li line shapes, from
spin-relaxation measurements, and from stimulated-echo
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experiments we collected motional correlation times over
wide spectral and temperature ranges. While keeping the Li+
fraction fixed, we find clear indications for an enhanced ion
mobility at roughly equimolar concentrations x of the network
formers from all these techniques. The MGFE is thus borne
out by considering the data from all applied techniques and
the results all agree with each other well. The mean activa-
tion energies Ea obtained on the basis of these data exhibit
a shallow minimum near x ∼ 0.5. Evidence for wide distribu-
tions of activation energies or motional time scales was also
obtained. Expressed in terms of Ea, the full width at half
maximum of the distribution g(E) is about 0.2Ea for x > 0.
The maximum of the Li+ conductivity at intermediate
concentrations was rationalized in terms of how the abun-
dance of various structural units varies with the borate frac-
tion x. The increase in ion conductivity for increasing x < 0.5
was attributed to an increase of the number of the low charge
density B(4) groups at the expense of P(2) groups, and hence
the fraction of Li+ ions bound to the P(2) units which favor
cation trapping decreases with decreasing x. For x > 0.5 the
avoidance of electrostatically unfavorable B(4)–O–B(4) link-
ages results primarily in the replacement of uncharged P(3)
groups by uncharged B(3) groups, so the overall trapping abil-
ity ceases to change much with composition, in harmony with
the present experimental findings.
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